I
t is well known that exposure to polycyclic aromatic hydrocarbons (PAHs) through various routes is associated with cancer [1] [2] [3] . Increased lung cancer risks from both occupational and environmental exposure to PAHs were observed and well documented by previous studies 2, 4, 5 . Consequently, benzo[a]pyrene (BaP), one of the high molecular weight PAHs, has been classified into the group of most carcinogenic agents by the International Agency for Research on Cancer 6 . One of the most important pathways by which humans are exposed to PAHs is inhalation, and the majority of PAHs present in the atmosphere come from incomplete combustion or from pyrolysis 4, 7 . Different PAH emission sources contribute to human exposure to PAHs to different extents because of their different emission strengths and proximities to people 8 . The quantification of source-receptor relationships is essential for assessing the health risks associated with different sources and for developing cost-effective abatement strategies.
Their widespread emissions and potential for long-range transport lead to the fact that PAHs can be detected all around the world, including in polar regions 9 . Using global chemical transport models, the fates of PAHs have been quantitatively characterized [10] [11] [12] . However, the spatial resolutions of these models are usually as large as 1-5u longitude and latitude limited by computing load and meteorological information, which means that models can only provide averaged values within grids of ten thousand to several hundred thousand square kilometers. Concentrations calculated at such coarse resolutions are not suitable for risk assessments because population densities vary at a much finer spatial resolution. This scale mismatch was also found to be problematic in a previous effort to model population exposure to black carbon, and a simple downscaling method was used to generate highly resolved gridded concentrations 13 .
Evidence from molecular epidemiologic studies has indicated that individual susceptibility plays an important role in cancer development in humans under environmental stress 14 . However, the influences of susceptibility on cancer risks in populations grouped by gender, age, and genetic heritage are difficult to characterize quantitatively. It is a challenge to distinguish the relative contributions of the exposure dose and individual susceptibility to the risks associated with PAHs Recently, a 0.1u 3 0.1u global PAH emission inventory, with 69 detailed source types, has been developed 7 . Using this product, we developed a global chemical transport model for BaP (as a indicator for PAH risk assessment) and assessed the risks in global population of lung cancer being induced by the inhalation of PAHs. We used a downscaled high-resolution BaP concentration map, distinguishing the contributions of different emission sources to the risks, and quantified the long-range transport of BaP across continents. We also determined the variation of individual susceptibility and quantified the influence of individual susceptibility on overall risk against the influence of exposure dose on a global scale.
Results
Global Near-Surface BaP Concentrations and Population Exposure. We developed a BaP module incorporated in MOZART-4 17 to simulate the global transport of BaP at a resolution of 1.875u 3 1.895u with 28 vertical layers, from 1997 to 2007 (see the Methods). Using the three quartiles of the emissions at all grids, we generated the best estimates and uncertainty ranges (R 50 , defined as the interquartile range) of global BaP concentrations. The model predictions agreed well with observations at background sites, but underestimated considerably at non-background sites (Fig. 1a,b) . This kind of underestimation was familiar in previous studies 12, 13, 16 and was likely caused by scale mismatch, because most non-background sites were located in cities, while the model provided average concentrations of grid cells, covering both cities and less-contaminated surrounding areas. Two examples of such mismatch are shown in Supplementary Fig. S2 . To rectify the underestimation, we downscaled the calculated concentrations to 0.1u 3 0.1u based on emission density and wind direction/frequency/speed. With this new method, we found a good agreement between the calculations and observations (Fig. 1c) . In addition, modelled time series at several stations were satisfactorily validated ( Fig. 1 d,e and Supplementary  Figs. S3-S5) .
The near-surface BaP concentrations are mapped in Fig. 2a . Grid BaP concentrations over land vary extensively with the three quartiles of 0.00032, 0.0055, and 0.046 ng/m 3 , respectively. East Asia and South Asia are the major hot regions. Monthly maps suggest a strong seasonality with higher concentrations in winter due to extra emissions from heating and slow degradation ( Supplementary Fig. S6 ). The temperature dependence of BaP persistency is confirmed by the strong latitudinal and seasonal variations of BaP's air loss rate ( Supplementary Fig. S6 ). Because of the spatial co-variation between emission and population, the geographical distribution of population-weighted concentrations as risk indicators (Fig. 2b) 
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East and South Asia are as high as 2.01 and 0.69 ng/m 3 , respectively. Emissions from residential and industrial sectors dominated the exposure because of high emission factors and proximity to people (Fig. 2b) .
Cumulative frequency distributions of BaP concentrations are also shown in Fig. 2 Risk Assessment and Influence of Individual Susceptibility. We used BaP as an indicator for PAH risk assessment. To be precautionary, the 95% upper bound of the slope of a dose-response regression curve is commonly adopted as the cancer slope 23, 24 . In this study, however, we used the maximum likelihood, instead of the upper bound, to derive an unbiased best estimate of ILCR and Population Attributable Fraction (PAF). Meanwhile, uncertainty due to variation in the dose-response relationship is explicitly quantified in a probabilistic model. In addition, genetic susceptibility is characterized based on frequency distributions generated from the lung cancer-related genetic polymorphism data for the major human races (see the Methods).
Globally, overall ILCR and PAF for lung cancer risk induced by inhalation exposure to ambient PAHs are 3.1 3 10 25 (1.6 3 10
25
-5.9 3 10
) and 0.13% (0.07-0.25%), respectively, taking individual susceptibility into consideration (see the Methods). The R 50 of the logscaled variation (R 50,log ) in individual susceptibility (0.81) is close to that of the exposure dose (0.96), suggesting that the relative contribution of individual susceptibility to the overall variation of the risk is comparable to that of the exposure at global scale. It is expected that on regional or local scale, difference in individual susceptibility can play a more important role in terms of risk variability than variations in expose dose can.
Although the PAF is much lower than that associated with smoking (71%) 25 , we found a significantly positive correlation (p , 0.1) between the country-specific ILCRs and lung cancer incidences 26 ( Supplementary Fig. S9 ). Normalized by smoking prevalence 27 , the correlation was more significant (p , 0.01, Supplementary Fig. S9 ). In the smoking effect normalized regression model, 12% of the variation (R 2 ) in lung cancer incidences can be explained by the variation in the calculated ILCR from ambient PAH exposure. Such a relationship between lung cancer incidences and the calculated ILCR is more robust in developed countries, where 38% of the variation in lung cancer incidences is accountable by the variation in ILCR, likely due to well-established cancer registry systems. In addition, the geographic similarity of ILCRs and lung cancer mortality can be further illustrated at a sub-national scale in China ( Supplementary Fig. S9 ). Previous study noted that lung cancer mortality rates of non-smokers in China varied widely in different regions 28 . The spatial similarity between ILCRs and lung cancer mortality in this study suggests air pollution as an important factor effecting the geographic variability of non-smokers lung cancer mortality rates. Figure 3 shows the log-scaled frequency distributions of global ILCR with (blue curve) and without (green curve) individual susceptibility included. The overall risk as ILCR would have been underestimated by 55% (1.4 3 10 25 ) if individual susceptibility was not considered. With susceptibility, the cumulative curve was more platykurtic, and the population fractions at both high and low risk ends increased dramatically, as shown by the ratios of the two frequencies (brown curve). Most importantly, because of the variation in individual susceptibility, the fractions of the most vulnerable population with risk above 10 24 and 10 23 increased 1.5 (from 2% to 5%) and 9 times (from 0.03% to 0.3%), respectively. We then calculated Unit Risk (UR, m 3 /ng), defined as the ILCR from exposure to per unit BaP concentration 29 , for all countries ( Supplementary Fig. S10 ). The large variation in UR among countries is caused by the difference in susceptibility, and suggests that use of a single UR in risk assessment can lead to considerable spatial bias. Accordingly, to keep ILCRs of 97.5% population below 10 25 , it is necessary to set a BaP guideline of 0.1 ng/ m 3 globally. Based on the ILCRs and reported country incidence rates of lung cancer 26 , Relative Risk (RR) of lung cancer from ambient PAHs exposure was calculated for each country. Globally, the overall RR is 1.0013. RR of the developing world (1.0017) is higher than that of the developed world (1.0003), which can be explained by the fact that populations in developing countries have much higher levels of exposure concentrations to ambient PAHs and lower levels of lung cancer incidence rates 26 . Using the relative risks, we then calculated the Unit Relative Risk (URR) 4 at a benchmark of 100 mg/m 3 years of BaP exposure for each country. Also, we calculated the URR values for individual persons within each country, assuming that different people have different URRs due to their differences in susceptibilities. Globally, the interquartile range of country-level URRs is [1.8, 7 .0] with the median value of 3.0. It was found that the population overall URR of a specific country is higher than the upper bound of interquartile range of individual URRs. For example, the overall URR of Chinese population is 1.56, whereas the interquartile range of indi- Actually, there are only 13% of Chinese population exceeding the URR value of 1.56, suggesting that this small fraction of people with highest URRs can influence the overall URR of the population to a very large extent.
It was suggested that the uncertainties in quantifying dose-response relationship partly relays on a lack of quantitative information on the level of exposure 30 . However, in this study, the uncertainty range of dose-response relationships from epidemiological surveys (R 50 ,log 5 0.82) 31 is comparable to the variation of individual susceptibilities (R 50 ,log 5 0.81), suggesting that the uncertainties can be also raised by variation in individual susceptibilities, to which genetic polymorphisms contributes most. The adoption of individual susceptibility can not only explain the uncertainties of risk assessments but also change our insight into the risk outcomes. The air quality guideline, determined by current risk assessment methodologies, commonly with 97.5% confidence (upper bound of 95% confidence interval) in keeping population exposure risks under a specified level is actually, in our point of view, a guideline to keep exposure risks of 97.5% population under the specified level. The more susceptible groups (the rest 2.5% population) are lack of attention in policy making. Emphasizing on the high risk groups, this study provides a revised method serving as the first attempt to introduce individual susceptibility into quantitative risk assessments on a global scale. With increasing knowledge of genetic and acquired susceptible factors, this methodology is expected to be more instrumental in evaluating global burden of disease, in developing environmental and health policies, as well as in strengthening individual awareness.
Source Contributions. Several short-term modelling experiments were conducted using various source types individually to evaluate their contributions to the overall health impact. Globally, biomass fuel burning in residential/commercial sector contributes 40% of the total ILCR, followed by residential/commercial fossil fuel combustion (14%), coke production (13%), primary aluminium production (12%), and motor vehicles (9%) (Fig. 4a and Supplementary Table  S9 ). The contribution of a given source to the risk depends not only on the emission strength but also on the proximity to people. Therefore, relative contributions of a given source to the total emission and to the total risk can be different. The effect of a given source is quantified by specific health effect (SILCR, Pg 21 ), defined as ILCR caused by per unit emission. Globally, SILCRs for various source types vary extensively from 0.08 and 0.14 Pg 21 for shipping and wildfire to 13 and 17 Pg 21 for residential/commercial fossil fuel usage and motor vehicles (Fig. 4a and Supplementary Table S9 ). Motor vehicles are associated with the highest SILCR, due to its spatial intensification in populated areas.
ILCRs also vary dramatically among populations at different risk levels (Fig. 4b) . For example, a small fraction (1.7%) of the population facing high risk (ILCR .
22 . Long-term situations of these people are even worse, given their cumulative exposure to continuously high levels of ambient PAHs in the past decades, during which period beehive coking, which is among the severest PAH emission sources, had not been entirely phased out in China 8 . Emissions from residential solid fuel combustion contribute mainly to the population at risk levels between 3 3 10 28 and 1 3 10
24
. Unlike industrial sources, PAH emissions from residential sources are primarily credited to millions of residential stoves. It is socioeconomic development rather than technical progress that is critical in the abatement of emissions from this sector. The risk-specified source contributions for several representative countries are shown in Supplementary Fig. S11 .
These results provide a sound scientific basis for abatement strategy formulation. Globally, residential biomass burning causes the largest overall lung cancer risk and should be the top priority in the emission abatement. On the other hand, control of emissions from motor vehicles and residential coal combustion with the highest SILCR is the most effective way of reducing risk. If the objective is to protect the most vulnerable people, emissions from coke and aluminium production should be addressed first. However, the specific strategies should be different among countries, depending on local emissions and risks. For example, the overall risk in Russia is dominated by primary aluminium production, while motor vehicles are responsible for the risk of vulnerable populations in Indonesia. Of course, abatement costs should also be taken into account before the action plan is formulated. It should be noted that this study assumed a lifetime exposure to outdoor PAHs. Indoor exposure was not considered due to a lack of linkage between outdoor and indoor concentrations on a global scale. Nevertheless, previous investigation revealed that compared to outdoor exposure, due to the demand for cooking and heating and poorly-ventilated conditions, indoor exposure can be much higher in some of the rural areas in developing countries, especially for women during cooking period 15 . In this respect, an integrated risk assessment with human activity factors will be needed considering both outdoor and indoor exposure. Such an assessment may further promote the health impacts contributed by residential/commercial sector. were conducted with emissions from a single region each time. As a result, quantities of BaP transported among regions can be quantified. The results are presented as contributions to ILCR. Figure 5 shows the flows of BaP including directions and quantities among regions (the red arrows) and percentages of ILCRs contributed by BaP from other regions (the numbers in the black pies). The sizes of the black pies are proportional to the regional ILCRs. It appears that interregional transport within the Eurasian continent is active, while America, Oceania, and Africa have much fewer exchanges with other continents. As a result of the westerly wind movement and lower air lose rate in high-latitude area, the transport of BaP from Western/Eastern Europe to the Former Soviet Union region represents the largest ILCR flow, leading to a 4.5 3 10 27 increase to local ILCR of the latter. The second largest movement occurs from East Asia to Southeast Asia, owing to the extraordinary emission intensity in the source region. Still, even with the active interregional transport, regional risks are predominantly caused by local emissions. The highest external contribution to local ILCR is merely 2.6% (Southeast Asia). The net exported risk (NER), defined as the difference between the exported and imported ILCR multiplied by regional population, is calculated for each region (Supplementary Tables S11,S12 Considering rapid degradation of certain substances like PAHs, their proportions on atmospheric particles must undergo dramatic change during transport. It is estimated that mass fractions of BaP bound on atmospheric organic and black carbon decrease more than 80% (from 1.6 3 10 24 to 2.7 3 10
25
) over trans-Pacific transportation. Given the ever-changing properties, particles after long-range transport may act with very different health outcomes associated with human exposure.
Discussion
As well demonstrated in this study, model resolution is critical in exposure modelling and risk assessment. With large spatial variation of emission, coarsely resolved model will smooth detailed variation leading significant underestimation of exposure. This problem can be prevented by either using highly resolved model (e.g. 0.1u) or downscaling the model results to finer resolution as did in this study. The latter can provide an alternative to the high resolution modelling when computing load is limited. More study is needed to quantify the effects of model resolution on the results and to improve the downscaling method.
In this study, long-range transport of BaP among continents is quantified. Detailed study can be carried out to address acrossboundary transport of PAHs among countries or even sub-country administrative regions and to focus on sources of PAHs reaching vulnerable regions such as Arctic.
The sectorally-resolved emission inventory enables us to exploit the source-receptor relationship linking emissions from individual sources to population exposure risk. The outcome provides critical and quantitative information for decision makers to formulate future strategy on source abatement and risk reduction. Of course, further cost-effective analysis is also needed for the decision making process, which can not be fulfilled without the quantitative source-receptor relationship generated in this study.
One of the major findings of this study is that the lung-cancer risk would be underestimated by almost 50% if individual susceptibility is not taken into consideration in risk assessment. It is a common practice in risk assessment to use upper bound of 95% confidence interval of risks conservatively in guideline formulation. With individual susceptibility introduced in the model, the goal can be achieved more reasonably by using the statistically best estimates and generate a frequency distribution from which a given risk range can be selected. On the other hand, the susceptibility was modelled with relatively large uncertainty largely due to limited data on genetic susceptibility. In fact, the uncertainty caused by the data limitation in genetic susceptibility is comparable to those introduced by the data limitation in dose-response relationship which is constrained by limitation in epidemiological survey studies. The overall uncertainty can be reduced in the future with a full understanding of the spectrum of genetic susceptibility in the population.
Methods
Atmospheric Transport Modelling. We incorporated a PAH module into MOZART-4 (The Model for Ozone and Related Chemical Tracers, version 4) 17 to simulate the global tropospheric transport of BaP, an indicator for PAHs. The modelling was performed at a horizontal resolution of 1.875u (longitude) 3 1.895u (latitude) with 28 vertical layers and 15-min temporal resolution driven by meteorology from the National Centers for Environmental Prediction (NCEP) reanalysis 32 . We adopted a dual absorption scheme including black carbon (BC) and organic carbon (OC) for BaP gas/particle partitioning, and incorporated temperaturedependent partitioning coefficients 12, 33 . Gas phase reaction with hydroxyl radical (OH) was included for BaP degradation in the atmosphere 11 , which was proved to be one of the dominant atmospheric loss processes of BaP 34, 35 . The second-order rate coefficient was set to be 1.5 3 10 210 cm 3 /(molec?s) 10 . Wet and dry depositions of particulate phase BaP followed the default settings of BC and OC aerosols in the model. Daily mean BC, OC, and OH concentrations were directly derived from MOZART-4 standard simulation. Dynamic soil/ocean-air exchanges of gaseous phase BaP, leaching and biodegradation in soils, and exchange and degradation in the ocean were incorporated after Zhang et al 11 . We updated a high resolution PAH emission inventory for 2007 (PKU-PAH-2007) 8 by replacing geometric means of emission factors with arithmetic means 36 . As a result, the global BaP emission in 2007 became 4.6 Gg. For the other years, 0.1u 3 0.1u resolution emission inventories were generated based on annual emissions of individual countries and the spatial distribution of PAH emissions in 2007, assuming that the spatial distribution patterns of the emissions did not change significantly. Monthly variation of BaP emissions from the residential sector was predicted using heating day and power-function-based heating degree day as independent variables 34 . Monthly variation of BaP emissions from deforestation/wildfire and agricultural waste burning were from the GFED dataset 38 . For all other sources, it was assumed that seasonal variations were not significant.
We conducted a long-term simulation for the period from 1998 to 2007, and two sets of short term modelling experiments for the year 2007 with spin-up time of one year. The short term experiments were either for 12 individual source categories globally (Supplementary Table S8 ) or total emissions of 12 individual regions ( Supplementary Fig. S12 ). The world regions were defined based on the definition of the Task Force on Hemispheric Transport of Air Pollution 18 (Supplementary Table  S10 ).
Model Validation and Downscaling. The model-calculated BaP concentrations at the surface layer were validated against the field measured BaP concentrations at more than 200 stations around the world. The observation sites were classified into three categories of background, non-background and time series, which were used separately for the validation. Locations of background and non-background sites applied for model validation are demonstrated in Supplementary Fig. S1 .
To rectify the bias due to the scale mismatch, we down-scaled the model-calculated concentrations from 1.875u 3 1.895u to 0.1u 3 0.1u. A weighting factor (W i ) for the ith 0.1u 3 0.1u receiving grid was the sum of the contributions of the emissions from all 0.1u 3 0.1u emission grids within nine 1.875u 3 1.895u model grids (one covering the 0.1u 3 0.1u receiving grid and the eight surrounding it). It was derived based on 0.1u 3 0.1u emission densities and wind field (direction, frequency, and speed) within the space of the nine 1.875u 3 1.895u grids, using equation (1) where Q j (ng/s) is emission density of the jth emission grid (0.1u 3 0.1u); f j (dimensionless) and u j (m/s) are wind frequency (0-1) and speed at the direction from 1 to 16 (N, NNE, NE, NEE, E, SEE, SE, SSE, S, SSW, SW, NWW, NW, and NNW) in the jth emission grid, which were derived from the MOZART-4 wind field; r d (/s) is the BaP degradation rate in the receiving grid derived from the MOZART-4 simulation; t ji (s) and x ji (m) are distance and transport time from the jth emission grid to the ith receiving grid; s zj (m) is the vertical standard deviation of the concentrations, and is determined using equation (2):
where K z is the vertical eddy diffusivity; t L is the Lagrangian time scale of atmospheric turbulence; t is the travel time in units of t L (t 5 t/t L ). Values of 1 m 2 /s and 1 3 10 4 s are used for K z and t L , respectively, on a global scale 40 . Finally, the model-calculated concentration of each 1.875u 3 1.895u model grid was disaggregated to 0.1u 3 0.1u using W i as proxy. It should be noted that this method leads to incontinuity into the downscaled map, since the transport mechanism and environmental behaviours are only simply performed during the downscaling processes. For air pollutants with sufficient global surface measurements and remote sensing, regression analysis to combine these data with air transport models is the primary choice to carry out downscaling processes 41 . For regional simulations, chemical transport models with higher resolution are preferred.
To emphasize the higher health impact of BaP concentrations in densely populated areas, a population-weighted BaP concentration of each 0.1u 3 0.1u grid was calculated as the product of the grid concentration and population density divided by global average population density over land area 42 .
Distribution of Individual Genetic Susceptibility. To characterize genetic susceptibility of the global population, data on genetic polymorphisms of the major human races were collected from the literature. Relative risks for lung cancer of different genotypes from 16 polymorphisms were calculated for major ethnic groups individually. Using the Monte Carlo simulation, 100,000 hypothetical persons for each ethnic group were generated with their genotypes randomly chosen based on genotype frequencies. The relative risk of lung cancer for an individual with the generated gene sequence was calculated as the product of the relative risks of all his/ her genotypes. The distribution of the calculated relative risks of the 100,000 hypothetical persons (GeneSus) represented the overall distribution of genetic susceptibility of the specified ethnic group. See the Supplementary Methods for details. Incremental Lifetime Cancer Risk. ILCR is commonly calculated as the product of lifetime average daily doses (LADD) and cancer slope factor (CSF) 24 . In this study, a term of overall susceptibility (SUS) was introduced to describe the effect of individual susceptibility on the ILCR induced by exposure to PAHs in ambient air 29 . 
where a, g, e, and r are subscripts representing age, gender, ethnicity, and geographic region, respectively, suggesting that LADD is age, gender, and region dependent and SUS is ethnicity and region dependent; C (mg/m 3 ) is BaP exposure concentration; IR (m 3 /day) is the inhalation rate; y (year) is the exposure duration; BW (kg) is body weight; LE (70 years) is the average life expectancy of the global population 27 ; SUS is the product of GeneSus, EAF, and ASF, which are genetic susceptibility, ethnicityadjusted factor, and age-sensitivity factor, respectively. GeneSus, EAF, and ASF are all dimensionless and either ethnicity or region dependent.
In this study, a CSF of 26.6 kg(body weight)?day/mg for BaP was adopted as the maximum likelihood estimate based on epidemiological data from studies on cokeoven workers, using a multistage type model 31 . Use of BaP as an indicator of PAH exposure risk has been thoroughly investigated previously, and it was found that BaP can serve as an indicator for carcinogenic activity of PAH compounds at various sites 43 . The uncertainty of the CSF was derived according to the calculated disparity from different epidemiological studies 29 . The resulting standard deviation of log-transformed CSF is 0.38. C is downscaled BaP concentrations in 2007 at 0.1u 3 0.1u resolution. Derivation of the distributions of country-and age-specific IR and BW is described in the Supplementary Methods. EAF was calculated based on the lung cancer incidences for individual ethnicities reported by the United States Cancer Statistics
44
, excluding the influence of smoking. ASF values of 10, 2, and 1 were used for the age groups of ,2, 2-16, and .16 years, respectively 23 . Male to female ratios were assumed to be 151 for all countries. Proportions of ethnic groups of each country were derived from a report of the Central Intelligence Agency of the United States 45 .
To quantify population ILCR and uncertainty for all countries, ILCR values were calculated for 7 billion individuals in the world. The exposure concentrations were derived based on the spatial distributions of both BaP concentration and population 42 . Gender, ethnicity, genotypes, IR, and BW of an individual were randomly drawn from their distributions in given counties. Details can be found in the Supplementary Methods.
